A reproducible, noninvasive technique for determining right ventricular ejection fraction (RVEF) was developed using multiple-gated equilibrium blood pool scintigraphy, which allows serial rapid measurements without reinjection of radioactivity. Studies were obtained using in vitro labeled technetium-99m red blood cells, gamma camera and computer. In 20 patients, RVEF determined by multiple-gated equilibrium imaging in the left anterior oblique view was compared with RVEF measured by first-pass scintigraphy. For both types of imaging, multiple regions of interest (ROIs) were used for RVEF. The accuracy of RVEF using equilibrium scintigraphy was also evaluated using a single ROI. In 20 additional patients, rapid (2-minute) equilibrium scintigraphy for RVEF was compared with standard (6-minute) imaging. Excellent correlation (r = 0.94) for RVEF was found between multiple-gated equilibrium scintigraphy and the first-pass technique when multiple ROIs were used. Inter-and intraobserver variations for the equilibrium method were small (r = 0.91 and r = 0.98, respectively). RVEF with the 2-minute equilibrium technique correlated well with the 6-minute method (r = 0.98). In contrast to the high correlation when multiple ROIs were used, analysis of equilibrium scintigraphy by single ROI severely underestimated first-pass RVEF and showed poor correlation (r = 0.60).
SUMMARY A reproducible, noninvasive technique for determining right ventricular ejection fraction (RVEF) was developed using multiple-gated equilibrium blood pool scintigraphy, which allows serial rapid measurements without reinjection of radioactivity. Studies were obtained using in vitro labeled technetium-99m red blood cells, gamma camera and computer. In 20 patients, RVEF determined by multiple-gated equilibrium imaging in the left anterior oblique view was compared with RVEF measured by first-pass scintigraphy. For both types of imaging, multiple regions of interest (ROIs) were used for RVEF. The accuracy of RVEF using equilibrium scintigraphy was also evaluated using a single ROI. In 20 additional patients, rapid (2-minute) equilibrium scintigraphy for RVEF was compared with standard (6-minute) imaging. Excellent correlation (r = 0.94) for RVEF was found between multiple-gated equilibrium scintigraphy and the first-pass technique when multiple ROIs were used. Inter-and intraobserver variations for the equilibrium method were small (r = 0.91 and r = 0.98, respectively). RVEF with the 2-minute equilibrium technique correlated well with the 6-minute method (r = 0.98). In contrast to the high correlation when multiple ROIs were used, analysis of equilibrium scintigraphy by single ROI severely underestimated first-pass RVEF and showed poor correlation (r = 0.60).
In 15 normal subjects and 21 patients with significant coronary artery disease and different degrees of right coronary artery stenosis, simultaneous left ventricular ejection fraction (LVEF) and RVEF were measured. RVEF was less than LVEF in normal subjects (0.48 ± 0.05 vs 0.63 ± 0.08, mean ± SD). In patients with coronary artery disease, RVEF was not significantly different from that in the normal group, regardless of the degree of stenosis of the right coronary artery. We conclude that 1) multiple-gated equilibrium scintigraphy is a very accurate and reproducible new technique for determining RVEF; 2) the technique may be performed rapidly, and is therefore well suited to serial assessment of right ventricular function during exercise; 3) multiple ROIs are necessary for accurate measurement with this technique; and 4) RVEF is normally less than LVEF and is not significantly affected at rest by right coronary artery disease. EVALUATION of right ventricular function can provide valuable information in a variety of cardiac and noncardiac diseases."8 Until recently, however, the only method for this evaluation was cardiac catheterization with contrast ventriculography; but this approach is tedious and uses volumes derived from the cavitary silhouettes of the geometrically complex right ventricle." 2, [9] [10] [11] [12] [13] [14] Furthermore, contrast angiography is an invasive technique which cannot be applied routinely for repeated measurements or for obtaining information in patients with disease not severe enough otherwise to warrant catheterization.
First-pass radionuclide angiography is a simple, noninvasive approach to evaluating right ventricular performance.4 6 8 With this technique, right ventricular ejection fraction (RVEF) is derived from a right ventricular activity vs time curve that is virtually independent of cavitary geometry. Results of this first-pass technique have correlated well with biplane right ventricular cineangiography.4 However, since only the first transit of radioactivity is recorded, this technique is not well suited to serial measurements that might be necessary for evaluating multiple drug interventions or in assessing the effects of graded stages of exercise on right ventricular performance. Although equilibrium radionuclide methods have been developed for assessment of left ventricular ejection fraction,15 16 the equilibrium approach has not been used for measurement of RVEF. This study was undertaken to develop and validate a new method for measuring RVEF using multiple-gated equilibrium cardiac blood pool scintigraphy. In addition, the technique was applied to the study of normal subjects and to coronary artery disease patients with different degrees of right coronary artery stenosis to evaluate the effect of coronary disease on resting right ventricular performance.
Materials and Methods

Patients
Multiple-gated equilibrium cardiac blood pool scintigraphy was performed in 55 patients and 15 normal subjects. For data analysis, these studies were divided into three sections. In study 1, the correlation between multiple-gated equilibrium and first-pass scintigraphic imaging and the reproducibility of each technique were evaluated in 20 consecutive patients, 17 males and three females with a mean age of 64 years (range 49-84 years). Eleven patients had chronic coronary artery disease, eight had acute myocardial infarction and one had idiopathic pulmonary fibrosis.
In study 2, standard 6-minute equilibrium scintigraphy was compared to rapid 2-minute equilibrium scintigraphy for RVEF. Twenty consecutive subjects were evaluated for this comparison, 18 males and two females with mean age of 54 years (range 35-73 years). Eighteen had chronic coronary artery disease and two were normal.
In study 3, equilibrium scintigraphy was used to evaluate simultaneously right and left ventricular performance. This study group comprised 15 normal subjects and 21 patients with angiographically defined coronary artery disease. All patients with coronary artery disease had significant narrowing (>50% diameter stenosis) of both the left anterior descending and the left circumflex coronary arteries. These patients differed in the degree of narrowing of the right coronary artery. Seven of the 21 patients had <50% right coronary stenosis, seven had 50-99% stenosis, and in the other seven patients, the right coronary artery was totally occluded.
Two of the normal subjects were included in both studies 2 and 3 and four of the coronary artery disease patients were included in both studies 2 and 3.
Radionuclide Data Acquisition
In the correlative study group (study 1) first-pass and equilibrium scintigraphy were performed sequentially. In studies 2 and 3, only multiple-gated equilibrium images were obtained. In study 1, the patient was placed supine in the anterior position beneath the scintillation camera detector (Ohio Nuclear Series 420 Mobile) equipped with a shielded, parallel-hole, low-energy, all-purpose collimator. An 18 gauge 1½/2-inch polyethylene catheter was placed in a basilic vein in the antecubital fossa. Gating electrodes were placed on the patient's chest and a gating device was connected to a mobile minicomputer (Medical Data Systems. PAD). After intravenous injection of 1 mCi of in vitro labeled autologous technetium-99m red blood cells (99mTc-RBCs), the scintillation camera detector was positioned over the patient's cardiac blood pool by observing the image on the persistence oscilloscope. Then, an additional 20-25 mCi of 99mTc-RBCs were injected as a bolus through the catheter. Scintigraphic data from rightheart phase of the first transit were recorded by the camera-computer system in multiple-gated frame mode format. The first-pass technique we used differs from the conventional first-pass method in that during acquisition, the computer divides the scintigraphic data from the first two-thirds of each cardiac cycle into 14 frames and adds the corresponding frames of eight to 10 cycles together, resulting in 14 images. The end-diastolic image contained 15,000-20,000 counts. After 5 minutes were allowed for equilibration, multiple-gated equilibrium scintigraphy was performed in 40-50°left anterior oblique (LAO) position. In each case the degree of obliquity used was that which provided the best separation between the right and left ventricles. As with the first-pass method, in the equilibrium studies, 14 frame images were obtained from the first two-thirds of the cardiac cycle. In addition, a 5-10°caudal tilt of the detector head was used to improve the separation between the right atrium and right ventricle. The average frame contained 200,000 counts, and each view took approximately 6 minutes to perform. In study 2, after standard 6-minute scintigraphy, 2-minute equilibrium scintigraphy was performed using a high-sensitivity collimator. With the 2-minute method, the average frame contained approximately 100,000 counts. All data were acquired with a hardware zooming device which expanded the data 1.7 times and were recorded in a 64 X 64 BYTE mode matrix. An example of a 6-minute equilibrium and first-pass study is shown in figure 1 .
Radionuclide Data Processing
The technique of analysis for both equilibrium and first-pass methods involved light-pen assignment of two regions of interest (ROTs) over the right ventricle, one in the end-systolic and the other in the enddiastolic phase of the cardiac cycle. It is important that separate ROTs for end-systole and end-diastole be assigned, because at end-systole, when the right atrium has maximal radioactivity, it is partially pulled into the end-diastolic right ventricular ROI ( fig. 2 ).
For comparison with the technique using two ROTs, scintigraphic data were also processed by applying a single end-diastolic ROI to all frames.
Assignment of the ROIs involved the following steps: After conventional nine-point smoothing of the scintigraphic data, the first step was determining the end-diastolic and end-systolic frames. For this purpose, an approximate ROI was chosen over the right ventricle from which an activity-time curve was generated. The end-diastolic and end-systolic frames were identified by the peak and valley points of this curve, respectively. The data were then displayed in an endless loop movie format. This movie display substantially improved the visual perception of the borders of the right ventricle throughout the cardiac cycle, and was particularly important in definition of the borders between the right ventricle and the right atrium and between the right ventricle and the pulmonary artery. The atrioventricular border was well visualized by the inward motion of the lateral right ventricular wall throughout systole. The right ventricular-pulmonary artery separation was chosen as the junction between the contracting and noncontracting regions of the outflow tract or the region of the outflow tract in which there was a differential systolic increase in counts superiorly (pulmonary artery) and systolic decrease in counts inferiorly (right ventricle). In approximately 10% of cases neither of these two characteristics was clearly observed, and the junction between the pulmonary artery and the right ventricle was selected by a line connecting the upper border of the septum to the angle between the inferior border of the ascending aorta and the lateral border of the pulmonary outflow tract. For the equilibrium study, a light-pen assigned end-systolic left paraventricular region was selected for background. This background region was crescent shaped, separated by one matrix element from the left ventricular activity, and was three to five matrix elements wide. For the first-pass study, a right paraventricular background region was chosen. Ejection fraction was determined by dividing the background corrected stroke counts (end-diastolic countsend-systolic counts) by the background-corrected end-diastolic counts.
To compare the multiple-gated equilibrium and first-pass scintigraphic studies, two experienced observers independently determined the RVEF by both techniques in the group of 20 patients. Also, one observer blinded to his earlier readings repeated the analysis 2 weeks after his initial observation.
In subsequent studies, analysis was performed independently by the two observers. Discrepancy between observers was solved by repeated analysis of a third observer, and an average of the two closest values was used.
Statistical Methods
Inter-and intraobserver variability in the measurement of RVEF were analyzed by linear regression. The same analysis was also applied to the determination of the relationship between RVEF measured by the rapid 2-minute equilibrium technique and the standard 6-minute equilibrium technique. Analysis by Dunnett's t test was performed to compare the RVEF between a group of normals and three groups of coronary artery disease patients classified by the degree of stenosis. A p value <0.05 was considered statistically significant. 
ES ED ROI
Results Comparison of Multiple-gated Equilibrium with First-pass Scintigraphy for Determination of RVEF Data from each of the patients in study 1 are summarized in table 1. The mean RVEF determined by the multiple ROI equilibrium technique was 0.46 ± 0.12 (SD), and that for the first-pass method was 0.48 ± 0.13. These values were not significantly different from one another (p > 0.5; fig. 3 ). A high degree of correlation was noted between the new equilibrium technique using multiple ROIs and the first-pass method for determining RVEF (r = 0.945). In contrast, when a single end-diastolic ROI was used to evaluate equilibrium images, very poor correlation was found between equilibrium and first-pass RVEF ( fig. 4 ) and the equilibrium technique significantly underestimated the first-pass RVEF (0.25 ± 0.08 vs 0.48 ± 0.13; p <0.001).
Reproducibility of Equilibrium and First-pass RVEF
Methods (fig. 5)
The correlation coefficients between the two observers (interobserver variation) for the new equilibrium and the first-pass techniques were 0.91 and 0.95, respectively. The correlation coefficient for the repeat equilibrium studies as measured by a single observer (intraobserver variation) was 0.98.
Standard vs Rapid Equilibrium Technique for RVEF
In figure 6 , the results of RVEF determination by the rapid 2-minute equilibrium method (study 2) are compared with those obtained by standard 6-minute equilibrium technique. A high degree of correlation was noted (r = 0.98).
Relationship of Right and Left Ventricular Ejection Fractions in Normal Subjects
In 15 normal subjects, RVEF by the equilibrium technique ranged from 0.39-0.57 (mean ± SD fig. 7 ). Left ventricular ejection fraction measurements obtained from the same equilibrium images as used for RVEF revealed a range of 0.54-0.79 (mean ± SD 0.63 ± 0.08) (table 2). Mean RVEF was significantly less than left ventricular ejection fraction (p < 0.001). Table 3 shows the results of simultaneous right and left ventricular ejection fraction measurements by the equilibrium technique in the three subgroups of the 21 patients with chronic coronary artery disease. These results are graphically shown and compared with the findings in normals in figure 7 . In patients with coronary artery disease, there was no significant difference in either the left or right ventricular ejection fraction between the normal group and any of the three subgroups of coronary artery disease patients, regardless of the degree of stenosis of the right coronary artery.
Relationship of Right and Left Ventricular Ejection Fraction in Patients with Coronary Artery Disease
Discussion
This study has described and evaluated a new noninvasive method for determination of RVEF from multiple-gated equilibrium cardiac blood pool images which are routinely used to assess left ventricular function. This method demonstrated a high degree of correlation with first-pass scintigraphy for RVEF and minimal interand intraobserver variations. Thus, an accurate method for serial determination of RVEF without requiring reinjection of radioactivity is defined, and can be applied to the evaluation of the effects of different interventions on right ventricular function. The results of the comparison between our standard 6-minute and our rapid 2-minute techniques for RVEF are important. The high degree of correlation makes this technique well suited to the evaluation of RVEF during multiple stages of graded exercise, an aspect being studied in our laboratories.
In the present study, RVEF first-pass scintigraphy was the method for comparison. Previous workers have validated first-pass scintigraphy for measurement of RVEF. proach, RVEF by the radionuclide first-pass technique has been found to be lower than left ventricular ejection fraction. 1 4, 5, 7, 14, 17 In addition, RVEF by the first-passatechnique is reduced in patients with disease states associated with abnormal right ventricular function, such as chronic obstructive pulmonary disease with cor pulmonale.6 7 Although accurate for measuring RVEF, the first-pass technique requires reinjection of radioactivity for repeated determinations and cannot be used for multiple, rapid sequential measurements.
Superimposition of right atrial activity in the right ventricular ROI will adversely affect the ejection fraction calculation if a single end-diastolic ROI over the right ventricle is chosen ( fig. 2 ). During end-diastole, there is no clear separation between the right ventricle and the right atrium in the LAO equilibrium scintigraphic images. However, at this phase, the right atrium is mostly emptied and contributes minimally to counts in the right ventricular ROI. During endsystole, the right atrium contains maximal radioactivity and is partially included in the single enddiastolic ROI ( fig. 2) . Therefore, the ejection fraction measured by counts in this single ROI would be The problem of determination of actual background with multiple-gated equilibrium scintigraphy remains unresolved, and all proposed approaches are empirical. We have found that radioactive counts from a left paraventricular ROI best represent the contribution of background activity to right ventricular counts. Theoretically, background activity contributing to right ventricular counts arises from three major sources: the pulmonary vascular bed, scatter from radioactivity contained within the left ventricle, and the right atrium. This last source of background becomes more important in the presence of right atrial enlargement. The adopted left paraventricular background ROI contains counts primarily from two of these three major sources. An alternative approach would be to choose a right paraventricular region that includes a portion of the right atrium. However, this background region would not reflect scatter from the left ventricle; furthermore, the degree of inclusion of the right atrium would be subjective, and therefore subject to error.
In the present study, right and left ventricular ejection fractions were assessed in normal subjects and in patients with chronic coronary artery disease. Our findings in normal subjects are in agreement with previous data using either first-pass scintigraphy or biplane right ventricular angiography, demonstrating RVEF to be lower than left ventricular ejection frac-tion.1" 5, 7, 14, 17 This is in accordance with the finding that right ventricular end-diastolic volume is larger than left ventricular end-diastolic volume.", 14, 18 Our results in patients with coronary artery disease demonstrate that RVEF at rest is not abnormal in a population of patients with coronary disease, and therefore not useful for predicting coronary vascular anatomy. These findings are in accordance with those of previous observers.4' 16 However, we anticipate that as in left ventricular function, the assessment of right ventricular functional reserve by determination of RVEF during multiple stages of graded exercise may provide important insights in certain patient groups.
